Abstract
Introduction
Microelectronics' evolution implies the reduction of the components' size to improve the density of integration and the rapidity of circuits. The reduction of this size is particularly critical on the channel length under the gate, and leads to several parasitic effects when gate length goes down below 0.1 µm. The control of Short Channel Effects (SCE) becomes more challenging. This often requires a higher substrate doping concentration for effective SCE control. Thus, Retrograded Channel Profile (RCP) formation has been suggested, where a high substrate doping concentration is buried underneath the surface, leaving a lightly doped region at the surface [1] . The lightly doped Si surface results in less ionized impurity scattered in the channel, and this improves the elec-A. Fargi et al. 8 tron mobility that is dominated by surface scattering. The highly doped region buried underneath the surface limits the gate depletion width, and therefore reduces the amount of SCE [2] . In order to build a NMOS Transistors with retrograde channel, indium seems to give the best profiles that are sufficiently fine and not very sensitive to annealing. It seems obvious that its heavy ion is less diffused allowing indium to give narrow profiles [3] . However, indium's mass, which is a quality for reaching retrograde profiles, will be a defect when indium becomes electronically active. Another problem arises: indium precipitates as soon as the concentrations exceed 10 17 cm −3 [9] . Even with the advantages of indium doped silicon, when scaling down dimensions of MOSFETs, many parasitic effects appear such as the kink effect. This parasitic effect, which is characterized by a sharp increase in the drain-source current at a certain drain-to-source voltage (V ds = V kink ), yields a high drain conductance. Many studies of the kink effect in field effect transistors such as MOSFETs (bulk and SOI) and HEMTs have been reported. However, due to its complex behavior, the origin of this effect is still a subject of interest. Some studies have established a link between the kink effect and the impact ionization phenomenon occurring in the channel [4] , while other studies have correlated this effect with the presence of traps in the structure [5] . Other studies such as [6] have reported that the impact ionization depends on a hole trapping and detrapping phenomenon in HEMTs. The surface states can also affect the kink phenomenon as shown in GaAs MESFETS [7] . However, few works have been reported on how the deep trap affects the kink in Si MOSFETs. The aim of this work is to discuss the relative influence of the kink effect compared to the ionization of indium levels in silicon. A detailed study of the electrical properties of deep levels was performed in N+P junctions using I-V-T, C-V-Tandtransient spectroscopy (DLTS) techniques. In order to study the impact of deep trap levels on the kink effect, drain current measurements were carried out in the 100 -350 K temperature ranges. The substrate-related kink dynamics are also analyzed.
Experimental Details
N+P well diodes and NMOSFET transistors were fabricated to study the effect of dopant redistribution. These devices were investigated in each case using a retrograde well indium and boron implantation as shown in Figure 1 which was deduced from capacitance-voltage profiling. A P well of about 5 × 10 17 cm −3 indium implanted, was formed in a P substrate at 100 nm under the interface. Boron implantation was performed to adjust the substrate doping to about 1017 cm −3 . The NMOSFET device had a gate oxide thickness of 3.2 nm. The surface of the active zone of the poly gate NMOSFETs was 100 × 100 µm 2 (L × W). N+P well diodes fabricated with 5 × 1016 cm −3 for both In and B dopants were used for testing the MOS devices. A variety of methods, DLTS and I-V-T, have been used to characterize the acceptor levels related to the presence of Indium in N+P well diodes and MOS transistors. 
Diode Results

I-V-T Measurements
The current-voltage I-V characteristics of N+P well diodes have been measured over a wide range of temperature (80 -300 K). Some intrinsic and contact properties such as barrier height V d = 0.7 V, ideality factor n = 1.7, and series resistance Rs = 14 Ω were calculated from the forward current-voltage characteristics at room temperature. Figure 2 , shows reverse current-voltage characteristic of a diode as a function of temperature. If the reverse current is related to traps generation from a deep level in the space charge region, the activation energy could be determined from ln(I/T5/2) versus 1000/T plot [8] .
The analysis of the Arrhenius plots at different reverse polarizations reported in Figure 3 , shows two straight lines; one for temperature higher than 170 K that gives activation energies between 0.15 -0.28 eV (Figure 3(a) ) and the second one gives activation energies between 66 -23 meV for temperature lower than 170 K (Figure  3(b) ). The activation energy values are reported in Table 1 .
C-V-T Measurements
In order to investigate the freeze-out of carriers and the presence of the hole traps, Figure 4 , shows the capacitance voltage as a function of temperature varying between 80 and 300 K at frequency 100 KHz. The dispersion of curves with temperature at zero bias is due to deep defect levels the density of which decreases when the depth increases.
Finally, we don't observe any anomaly in C-V curves even at a low temperature. In fact, all indium atoms are electrically active. Since Cerofolini et al. [9] observed that with an In concentration below 10 17 cm −3 the junction is electrically active while with a concentration > 10 17 cm −3 evidence for precipitation as the mechanism responsible for inactivation was given. 
DLTS Measurements
DLTS measurements, as shown in Figure 5 , were performed in 40 -300 K temperature range and made by lock-in amplifier technique (A-B) for different emission rates. Two main activation energy values 0.18 eV and 0.45 eV are extracted from the Arrhenius plot. A comparative study for the same temperature range of DLTS results with I-V measurements and later works revealed that the trap level located at 0.18 eV seems to be in good agreement with the 0.15 -0.2 eV observed by I-V measurements and the 0.16 eV indium level measured by different characterization techniques: DLTS [10] , Hall Effect [9] , and Infrared Absorption [11] . The variety of values of in deep trap detected by different techniques is explained by the electric field effects due to coulomb traps [10] .
MOSFET Results
I ds -V ds Characteristics
The Figure 6 shows the static output characteristics (I d -V d ) of the transistor at different gate voltages. We notice that the drain current continues to increase even in the saturation region. This unusual variation of the drain current is well known as the kink effect [12] . It consists of a sharp increase in the drain/source current at a certain drain-to-source voltage (V d = V kink ). This variation of the drain current induces an increase of the drain/source output conductance (gds) and a decrease of the amplification factor. We observe that when the gate voltage increases, the amount of drain current and kink voltage (V kink ) increases too. The kink voltage seems to begate voltage dependent.
Kink Analysis
As seen in Figure 7 , the pre-kink zone is highly temperature dependant. When the temperature decreases from 300 K the kink phenomena is more pronounced with a clear increase of the amount of drain current especially around 100 K where the In trap appears. The trans conductance is maximal at the temperature range of indium deep trap appearance as shown in Figure 8 . After the V kink voltage the curves are identical. Therefore one concludes that the kink effect is related to the trapping and detrapping of the deep traps in the pre-kink region.
In order to get a better understanding of the influence of the deep traps were port in Figure 9 , the changes of the I d -V d characteristics when the drain voltage is swept by long, medium and short speeds. When the integration time is short the kink tends to disappear and the drain current is higher than that of longer integration time. This is because of the presence of hole traps that find enough time to capture injected electrons in thechannel when the integration time is longer resulting in are duced drain current. No changes in the characteristics for V d > V kink .
Next, we describe changes of the I d -V d characteristics when bulk polarization varies from −1 V to +2 V, at room temperature. Figure 10 , shows the reduction of the kink with positive polarization of the bulk. If we compare the curves before and after the V kink tension we will find that for V d < V kink the drain current increases with the increasing of V sub , but for V d > V kink the drain current curves are confound with different bulk polarizations.
The inside shows that the pre-kink zone is sensitive to substrate polarization. The drain current rises and gets saturated at bulk positive polarization (V sub > +0.5 V) for V d = 1.28 V < V kink , and V g = 1.5 V. The drain current increase and the Kink effect reduction are related to the activation process of the indium deep level in the space charge region. We believe that at V g = 1.5 V, for negative bulk polarization the space charge region be-comes larger and the capture process increases, a low drain current and a strong kink effect occur. For positive bulk polarization the space charge zone is reduced, the trapping phenomenon decreases and the kink is also reduced. This confirms the relation between the trap level and the kink effect.
The kink has also been reported in other devices such as SOI MOSFETs [13] [14], GaAs-based and InP-based HEMTs [15] - [17] , etc. In the SOI MOSFETs, the kink is considered to occur due to the floating body effects and the parasitic bipolar effects originated from impact ionization of holes. In the HEMTs, impact ionization is believed to be a necessity for the kink, and some traps should be correlated to it. Some other works conclude that both impact ionization and trapping and detrapping by a deep level centre are responsible for kink effect [18] [19] .
In this work, the analysis of the kink effect from the I d -V d characteristics leads to think that two different phenomena arise before and after V kink voltage. Before V kink we expect that the drain current behavior according to the temperature, the bulk polarization and integration time dependence is correlated to the incomplete ionization of the indium trap level. This trap can capture the electrons injected in the channel causing a reduction of the drain current. In contrast the drain current increase after the V kink when V d increases doesn't present any dependence on temperature or substrate polarization nor on integration time. This is probably correlated to the impact ionization effect. Indeed by increasing the voltage V ds beyond the pinch-off voltage, the drain field becomes strong enough to ionize atoms in the space charge area channel at the drain side. These highly energetic electrons are able to extract other electron-hole pairs even at low temperature. The created electrons contribute strongly to the conduction channel. The holes are attracted towards the gate, but others are attracted to the substrate thus causing a gate-substrate current resulting in an increase of the drain current too [20] - [22] .
Conclusion
Indium deep traps have been performed by I-V-T and DLTS measurements. It has been shown that indium induces two distinct levels: a shallow level at 20 meV and a deep one at 0.18 eV with electric field dependence. Electrical properties of NMOSFET transistors were characterized. The kink effect in MOSFET devices has been examined using temperature, bulk polarization and integration time. The incomplete ionization of indium could be the main origin of the kink effect. Depending on the temperature and the substrate polarization, the pre-kink region is changed, resulting in the change of the amount of the drain current. This behavior is mainly related to the presence of deep electron traps. Therefore, the non saturation of the drain current after the kink zone could be related to the impact ionization. This leads to concluding that both the impact ionization effect and trapping/ detrapping by a deep level center are responsible for the increase of drain current. Transient and dynamic simulations have indicated that the kink phenomena originated from interaction between generated electrons and deep levels should be rather slow processes with long response times.
